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The eient generation of intense X-rays and γ-radiation is studied. The sheme is based on
the relativisti mirror onept, i.e., a ying thin plasma slab interats with a ounterpropagating
laser pulse, reeting part of it in the form of an intense ultra-short eletromagneti pulse having
an up-shifted frequeny. In the proposed sheme a series of relativisti mirrors is generated in the
interation of the intense laser with a thin foil target as the pulse tears o and aelerates thin
eletron layers. A ounterpropagating pulse is reeted by these ying layers in the form of an
ensemble of ultra-short pulses resulting in a signiant energy gain of the reeted radiation due to
the momentum transfer from ying layers.
PACS numbers: 52.38.-r, 52.59.Ye, 52.38.Ph, 52.27.Ny
Keywords: Laser-plasma interation, X-ray generation, Relativisti mirror, Shwinger eet
I. INTRODUCTION.
The development of soures of intense ultra-short eletromagneti (EM) pulses, X-rays, and even γ-rays is an im-
portant potential appliation of intense laser matter interations [1℄. Suh appliations vary from single moleule
imaging to radiography of dense targets and mediine diagnostis, and provide the opportunity to study the funda-
mental eets not available before, suh as the eets of nonlinear Quantum Eletrodynamis (QED). One of the most
promising ways to generate suh soures is the use of a reetion of EM radiation from a ying relativisti mirror.
This was rst studied by Einstein in [2℄ as an example of Lorentz transformations. The radiation frequeny up-shift
is proportional to the square of the mirror Lorentz fator, making the sheme very attrative for the generation of
high frequeny pulses.
The prinipal idea of the relativisti plasma mirror has existed for a long time [3℄. Reently several ways to reate
suh mirrors have been proposed. One way is to use the plasma waves in the wakeeld of a high intensity pulse as
it travels through low density plasma in the wave breaking regime [4℄. The inoming light is reeted by these waves
in the form of a ompressed pulse with an up-shifted frequeny (demonstrated in the experiment reported in Ref.
[5℄). Moreover additional intensiation omes from the paraboli form of the wake wave [6, 7℄, whih fouses the
reeted radiation. The role of the ounterpropagating eletromagneti pulse an be provided by dierent nonlinear
strutures in plasma, left in the wake of another pulse, suh as solitons, eletron vorties, or a wakeeld. In this ase
the breaking plasma wave will reet a part of their eletromagneti energy in the form of a single-yle ultra-short
high frequeny pulse [8℄. Another potential method is the interation of intense linearly polarized eletromagneti
pulses with solid density plasma, where either sliding [9℄ or osillating mirrors [3, 10, 11, 12℄ an be formed. The
part of the inoming pulse that is reeted arries high order harmonis due to the osillation of the reeting surfae
either in the transverse or longitudinal diretion [9, 10, 11, 12℄.
It was proposed reently that relativisti mirrors an be formed in the regimes of laser-thin foil interation previously
onsidered in regard with the ion aeleration: in the rst ase the laser pulse is intense enough to separate the eletrons
from the ion ore, so that the eletrons will move in front of the pulse, forming a dense relativisti eletron layer. The
ounterpropagating laser pulse upon reetion from suh a mirror will undergo ompression and frequeny up-shift
[13, 14℄. In the seond ase a double-sided relativisti mirror is formed. One side is used for the energy transfer
from the laser pulse that aelerates the foil. While the other side an be utilized to reet the inoming radiation to
produe ultra-short high frequeny pulses [15℄.
In this letter we propose a more realisti mehanism of generation of ultra-short EM pulses in laser-solid density
target interation, then previously disussed in the literature [13, 14℄. Sie it represents a more general senario
of ultra-short pulse generation in laser-thin foil interation. In the proposed sheme the ultra-short EM pulses are
reated in the ourse of a ounterpropagating laser pulse interation with a series of ying eletron layers, i.e. the
Relativisti Multilayer Reetion (RMR) mehanism. Suh layers are produed when an intense laser pulse interats
with a thin solid density target and extrats and aelerates thin eletron layers [16, 17, 18, 19℄. The high density and
relativisti veloity of these eletron layers make it possible that suh strutures will reet the inoming radiation,
ating as ying mirrors. Sine the inident pulse experienes the Relativisti Multilayer Reetion, suh interation
will result in the generation of an ensemble of ultra-short pulses. Moreover this sheme an lead to a signiant energy
2gain by reeted radiation due to the momentum transfer from ying layers. In what follows we rst present the
results of 2D PIC simulation of the proposed mehanism and then a 1D analytial model is employed to analyze the
results.
II. THE RESULTS OF 2D PIC SIMULATIONS.
In our numerial model with the 2D PIC ode REMP  relativisti eletromagneti partile - mesh ode based on
the partile-in-ell method [20℄ the generation of ultra short pulses by reetion from the series of laser aelerated
dense eletron layers is studied in high-intensity laser interation with ultra-thin targets. The targets are omposed
of fully ionized arbon C
+6
with an eletron density of 400ncr. The grid mesh size is λ/200, spae and time sales are
given in units of λ and 2π/ω, respetively, the simulation box size is 15λ × 12.5λ, where λ and ω are high-intensity
laser wavelength and frequeny respetively. The number of partiles per ell is 225. The 1.6 PW laser pulse whih
generates ying eletron layers is introdued at the left boundary and propagating along x axis from left to right. The
pulse is linearly polarized along the y axis (P-polarization), tightly foused (f/D = 1), and has Gaussian transverse
and longitudinal proles. The duration of the pulse is 30 fs. The ounterpropagating laser, whih is reeted from
the relativisti mirrors, is introdued at the right boundary and propagates from right to left along the x axis. It is
polarized along the z axis (S-polarization) in order to distinguish between the radiation generated by the aelerating
pulse and the reeted one. It has a0 = 1, λ0 = 4λ, and duration of 15 fs.
Below we present the results of 2D PIC simulations for the ases of a mass limited target and a thin foil (see Fig.
1). In the rst ase the ounterpropagating laser pulse is reeted from the ying eletron layers aelerated from a
disk with diameter 1λ and thikness 0.1λ plaed at x = 6.0λ, i.e. before the fous of the aelerating pulse, whih is
foused at x = 8.0λ (Figs. 1a-). Suh onguration is hosen in order to show the formation of ying eletron layers
without a transverse ow of eletrons towards the irradiated spot and obtain a more regular group of ying eletron
layers. In the seond ase the pulse interats with a 0.1λ thik foil plaed at the fous (x = 6λ) of the aelerating
pulse. The eletron density distributions at t = 20 are shown for both ases in Figs. 1a and 1d. The thin eletron
layers that at as ying relativisti mirrors an learly be seen. The density of these layers vary from 5 to 15ncr for
the mass limited targets and from 10 to 20ncr for the thin foil. The duration of these bunhes is about 70 as.
FIG. 1: (olor on-line)The reetion of laser pulse by aelerated eletron layers in the ase of a mass limited target (upper
row: a, b, and ) and a thin foil (lower row: d, e, and f). The eletron density distribution a) and d) at t = 18; the distribution
of ounterpropagating pulse eletri eld after reetion, b) and e) at t = 18, the eld is measured in units of mecω/e; the
distribution of eletrons in (px, x) phase plane at t = 12, ) and f).
3III. 1D MODEL OF RELATIVISTIC MIRROR GENERATION AND RADIATION REFLECTION BY IT.
Let us estimate the properties of the ying eletron layer using a simple 1D model. As we have seen from the results
of 2D PIC simulations the eletron layers are generated by the onseutive maxima and minima of the laser eletri
eld. The number of eletrons per ying layer an be obtained from the requirement that the Coulomb attration
fore should be greater than the Lorentz fore exerted by the EM eld on these eletrons. Sine all the extrated
eletrons almost instantly beome relativisti, ve = c, the Lorentz fore is proportional to laser eletri eld. Or in
terms of elds, the laser eld should be greater than the harge separation eld, Ecs = πeδnel, whih is generated after
the extration of eletrons (l is the foil thikness, δne is the density of evauated eletrons). This gives the ondition
a > πδnel/ncrλ, rst introdued in Ref. [11℄ as a ondition for thin foil transpareny. Here a is the amplitude of a
vetor potential in the orresponding maxima or minima of the eld, ncr is the ritial plasma density, and λ in the
laser wavelength. Here we should note that the density of evauated eletrons is δne if δne < ne, otherwise all the
eletrons are evauated and δne = ne.
However, as it was pointed out in [19℄, this ondition does not take into aount the fat that eah eletron layer,
esaping the attration of the ion ore, inreases the harge separation eld that should be ompensated for by the
laser pulse eld. Let us approximate the eld of the laser as a0 exp[−t
2/τ2] cos[2πt/T ], where τ is the half of the
duration of the pulse and T is the period of the EM wave. The maxima and minima of suh a wave are at tj = T j/2,
j = 0,±1,±2, .... Then for some eld maximum aj the harge separation eld that already exists is determined by
aj+1. Then the number of eletrons evauated is ∆N
e
j = λR
2ncr(aj−aj+1), here R is the radius of the irradiated area.
The total number of evauated eletrons will be ∆Ne =
∑
j ∆N
e
j = λR
2ncra0, i.e. is determined by the maximum of
the vetor potential only. Here we also assume that ∆Ne < Ne, otherwise ∆Ne = Ne.
Let us estimate the duration of an eletron bunh. The extration of eletrons begins only when a > aj+1 and stops
at the top of the urrent laser yle a = aj . Then the time interval ξ that determines the duration of the bunh an
be found by solving the equation a(tj + ξj) = aj+1:
ξj
T
=
1
2π
arccos
{
exp
[
−
T 2
τ2
(
j
2
+
1
4
)]}
. (1)
The duration is minimal at the maximum of the pulse (j = 0) ξ0/T = 0.11(T/τ) and inreases with the inrease of j.
For a laser pulse with τ = 5T and T = 3 fs the eletron bunh has an attoseond duration: ξ0 = 60 as, whih is in an
agreement with the results of 2D PIC simulations as well as the number of eletrons per bunh.
Suh thin ying eletron layers an reet the onterpropagating radiation in the form of short pulses with up-
shifted frequeny. The generation of ensembles of suh EM pulses through the RMR mehanism is demonstrated in
Figs 1b and 1e. In order to determine the properties of ying eletron layers and determine Lorentz fators of mirrors
the distributions of eletrons in (px, x) phase plane are shown in Figs. 1 and 1f for t = 12. The formation of ying
relativisti mirrors with γ ∼ 5 an learly be seen.
In order to haraterize the generation of ultra-short EM pulses we show the results of spatial Fourier analysis of
reeted (urve 1) and inident (urve 2) radiation in Fig. 2 for the ase of the mass limited target. The alulations
are preformed for the eld along the line y = 0.6λ at t = 15, when the maximum frequeny radiation an be resolved
on our grid. As the interation evolves we expet further frequeny up-shifting based on our theoretial model. It an
be learly seen that high-frequeny radiation is generated as a result of ounterpropagating pulse reetion from ying
eletron layers. The spiky struture of the spetrum an be a onsequene of the regular distribution of reeting
eletron layers in spae (see Fig. 1a).
Let us estimate the reetion oeient of the ying eletron layer to determine the eieny of short pulse
generation mehanism. In order to do so we perform Lorentz transformation to the referene frame o-moving
with the eletron layer and use the results of Ref.[11℄, where the interation of an EM wave with a thin foil was
onsidered and the reetion (ρ = ǫj/(i + ǫj)) and transmission (τ = i/(i + ǫj)) oeients were obtained. Here
ǫj = ǫ
j
0/(1 + β)γ = ǫ
j
0/2γ (sine β ∼ 1) is the parameter governing the transpareny of the foil in the o-moving with
the foil frame and ǫj0 = π∆n
e
jξj/ncrT is the transpareny parameter of the eletron layer in the laboratory frame [11℄.
Sine it is essential for our mehanism that the ying eletron layers remain unperturbed by ounterpropagating pulse
we take the intensity of suh pulse to be relatively small.
Let us estimate the intensiation of the laser pulse reeted by suh a mirror. For the inident laser intensity, I0,
the reeted pulse in the laboratory frame will have the up-shifted frequeny by a fator of 4γ2 and the inreased
intensity
I =
16ǫj 20 γ
4
4γ2 + ǫj 20
I0 =


16γ4I0, γ ≪ ǫ
j
0
4ǫj 20 γ
2I0, γ ≫ ǫ
j
0
. (2)
4FIG. 2: (olor on-line) The results of spatial Fourier analysis of the reeted (1,red) and inident (2,blak) pulses in the ase
of a mass limited target.
or in terms of energy
Er =
4ǫj 20 γ
2
4γ2 + ǫj 20
E0 =


4γ2E0, γ ≪ ǫ
j
0
4ǫj 20 E0, γ ≫ ǫ
j
0
. (3)
For γ ≪ ǫj0 the reetion oeient tends to unity and reeted intensity end energy are determined by the Lorentz
fator alone. In the seond ase, γ ≫ ǫj0, the foil moves so fast that it beomes inreasingly transparent for inoming
radiation and the energy of the reeted pulse is limited by the transpareny parameter. Thus the eieny of the
light intensiation is determined by γ2×min{γ2, ǫj 20 } for intensity and min{γ
2, ǫj 20 } for energy. This means that the
maximum intensity inrease is determined by the properties of the aelerated foil. In order to illustrate the results
of the theoretial model we hose ǫj0 ∼ 10 and γ ∼ 10 as parameters to estimate the reeted pulse intensity. These
numbers ome from the results of 2D PIC simulations. The frequeny up-shift in this ase is 4× 102 and for T = 3 fs
the period of the reeted radiation will be Tr = 7.5 as. Then the intensity is I ∼ 3× 10
22
W/m
2
.
As we have shown the energy of the reeted from the ying eletron layer EM pulse is limited by ǫj 20 , if we
onsider the dependene on γ. However there is a way to inrease the energy of reeted radiation by utilizing the
fat that the aelerating laser pulse extrats multiple eletron layers from the target. Moreover this type of reetion
is realized in the results of 2D PIC simulations presented above (see Figs 1a and 1d). The ounterpropagating pulse
experiene relativisti multilayer reetion giving rise to an ensemble of ultra-short pulses. While the number of
photons reeted at eah layer, ∆N rγ = |ρ|
2N0γ (N
0
γ is the number of photons in the ounterpropagating pulse) an
be small, the multiple layers will reet almost all inoming photons, N rγ → N
0
γ . If the number of layers is f , then
the total number of reeted photons [21℄ is
N rγ = N
0
γ |ρ|
2
f∑
j=1
(1− |ρ|2)j = N0γ
[
1− (1− |ρ|2)f
]
. (4)
Here we assumed for simpliity that all eletron layers are the same. Then in terms of energy
Er = 4γ
2
[
1− (1− |ρ|2)f
]
E0. (5)
If |ρ|2f ≪ 1 then Er = 4γ
2|ρ|2fE0. In the limit f →∞ the reeted bak energy equals to Er = 4γ
2E0 and N
r
γ = N
0
γ ,
i.e. all the ounterparpagating radiation is reeted. The energy gain is due to the momentum transfer from the
ying eletron layers to the reeted radiation. For the parameters of the eletron layers obtained in simulations (the
average density and duration of about 10ncr and 60 as, the number of layers is equal to 4) the reetion oeient
is 0.05 and the energy gain is 1.5, aording to (5). We an estimate the atual energy gain in the results of 2D PIC
simulations from the spetra of inident and reeted radiation by integrating |Ez(kx)|
2
over dkx. This gives a 1.07
energy gain. This learly shows that the proposed mehanism of RMR generation of ultra-short pulses leads to an
energy gain of reeted radiation due to the momentum transfer from ying mirrors.
5IV. TOWARDS THE SCHWINGER FIELD.
Further intensiation an possibly be ahieved by fousing by some external means the reeted pulse into a
diration limited spot. For a single pulse it will lead to
If ≃
(
D
λr
)2
I =


256γ8
(
D
λ0
)2
I0, γ ≪ ǫ
j
0
64γ6ǫj 20
(
D
λ0
)2
I0, γ ≫ ǫ
j
0
(6)
where D is the reeted pulse width before fousing and λr = λ0/4γ
2
. Then for the parameters of the ying layer
used above, D = 3λ0 and I0 ∼ 10
18
W/m
2
the resulting intensity will be of the order of the intensity harateristi
for the eets of nonlinear QED, i.e. Shwinger intensity, IS ∼ 10
29
W/m
2
, [22℄. At this intensity the probability
of one of the most profound proesses of nonlinear QED, the e+e− pair prodution in vauum by strong EM eld,
beomes optimal. We should note here that the plane EM wave does not produe pairs in vauum [22℄, beause in
this ase both eld invariants, F = E2 −H2, G = EH, are equal to zero, whih is not the ase for the foused pulse
[23℄. Thus the fousing of high frequeny pulses to ultra-high intensity will provide a unique opportunity to study
both the e+e− pair prodution by a foused EM pulse and its dependene on frequeny of the pulse [24℄.
V. CONCLUSIONS.
In this letter we onsidered a new way to generate ultra bright high intensity X-rays and gamma-rays by reeting
EM pulse from the relativisti mirror. In the proposed sheme the role of the ying mirror is taken by laser aelerated
eletron layers, whih are formed in the proess of the intense laser pulse interation with thin solid density targets. The
reeted pulses have an up-shifted frequeny and inreased intensity. The reeted pulse intensiation is determined
by a ombination of two parameters: the Lorentz fator of the ying eletron layer, γ, and its transpareny parameter,
ǫj0, [11℄. It is proportional to γ
2 ×min{γ2, (ǫj0)
2} and for given density of the plasma slab the energy of the reeted
pulse multipliation fator an not exeed (ǫj0)
2
. It is due to the fat that for γ ≫ ǫj0 the fast moving plasma slab
beomes inreasingly transparent for the inoming radiation and the amplitude of the reeted pulse drops, limiting
the energy gain. Further intensiation of the reeted light an possibly be ahieved by its fousing into a diration
limited spot that will bring the resulting peak intensity well into the domain of nonlinear QED with laser systems,
whih are presently available.
We showed that there is a way to inrease the energy transfer from the aelerated layers to the reeted radiation
by utilizing the relativisti multilayer reetion. The ounterpropagating EM pulse interats with multiple ying
eletron layers, produing an ensemble of ultra-short pulses with an energy saling of 4γ2. This fat leads to the
onlusion that this mehanism of ultra-short pulse generation provides a highly eient way of transforming the
inoming pulse into high frequeny radiation through the relativisti multilayer reetion.
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